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INTRODUCTION 


Plant  parasitic  nematodes  have  been  frequently  associated  with 
disease  complexes  involving  other  soil-borne  plant  pathogens.  Chris- 
tie (20)  grouped  these  etiological  associations  into  two  groups.  One 
is  of  an  obligatory  nature  whereby  one  member  is  dependent  on  another 
or  directly  influenced  by  it.  The  second  type  is  strictly  fortuitous, 
in  which  each  member  acts  independently  and  is  not  influenced  by  the 
associated  pathogen.  The  latrer  is  exemplified  by  the  frequent  asso- 
ciation of  nematode  injury  with  secondary  invaders.  In  the  obligate  as- 
sociation the  nematode  may  act  as  (a)  an  inoculating  agent  or  vector, 

(b)  a conplementary  etiological  factor  in  the  disease  syndrome,  (c)  a 
synergistic  or  (d)  an  antagonistic  agent.  Review  of  the  literature  re- 
veals the  existence  of  nematode  association  with  fungal,  bacterial  and 
viral  pathogens.  Several  review  articles  concerning  interaction  between 
nematodes  and  other  pathogens  have  been  published  (20,  29,  42,  94,  96, 
100,  134). 

REVIEW  OF  THE  LITERATURE 
Virus -nematode  interactions 

Plant  parasitic  nematodes  have  been  reported  as  vectors  of  sev- 
eral soil-borne  plant  viruses  (100).  Nematodes  act  as  inoculating  and 
possibly  survival  agents  for  plant  viruses.  Ectoparasitic  species  of 
Xiph inema , Tr ichodorus , and  Longidorus  are  widely  accepted  as  vectors 
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of  viruses.  Interaction  between  Meloidogyne  incognita  acrita  and  tobac- 
co ring  spot  virus  (TRSV)  has  been  investigated  (104,  105).  Presence 
of  the  virus  and  the  nematode  significantly  reduced  length  of  soybean 
roots  in  comparison  to  infection  by  either  pathogen  alone.  Furthermore, 
in  virus-infected  plants  the  lys igenomata  (giant  cells)  had  more  clump- 
ing, greater  number  of  nuclei  in  vicinity  of  the  nematode's  heads,  and 
greater  amount  of  protoplasm  than  those  in  virus-free  plants  (105).  The 
same  authors,  in  contrast,  found  that  the  presence  of  the  virus  in  nema- 
tode-susceptible or  resistant  soybean  varieties  did  not  influence  the 
reactions  of  either  variety  to  infection  by  the  nematode  (104).  Although 
the  authors  did  not  explain  such  contradictory  results,  differences  in 
parasitic  races  of  the  nematode  and  strains  of  the  virus  might  have  been 
contributing  factors. 

Fungal-virus  interactions  have  also  been  reported.  Infection  by 
cucumber  mosaic  virus  (CMV)  significantly  increased  susceptibility  of  cu- 
cumber to  post-emergence  damping  off  caused  by  Rhizoctonia  solani  (7). 
Synergistic  interaction  was  greatest  when  low  inoculum  concentration  of 
the  fungus  and  high  inoculum  level  of  the  virus  were  used.  These  re- 
sults suggested  that  movement  of  materials  from  the  roots  to  the  CMV- in- 
fected cotyledons,  which  showed  increased  respirations  48  hours  after 
inoculation,  increased  susceptibility  to  the  fungus.  Similarly,  infec- 
tion by  pea  mosaic  virus  (PMV) , pea  enation  mosaic  virus  (PEMV) , alfal- 
fa mosaic  virus  (AMV),  or  bean  yellow  mosaic  virus  (BYMV)  significantly 
increased  susceptibility  of  peas  to  Aphanomyces  euteiches  and  Fus arium 
solani  f.  pisi  (26).  Presence  of  either  fungus  did  not  alter  symptom 
expression  of  any  of  the  viruses  tested.  Clover  yellow  mosaic  virus 
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(CYMV)  and  white  clover  mosaic  virus  (WCMV)  significantly  increased 
severity  of  root  rot  of  red  clover  caused  by  either  F.  oxysporum,  F. 
roseum,  or  Tetmcocosporiuir  paxianum  (132).  Fungi,  alone,  readily  pen- 
etrated clover  roots  but  were  only  mildly  pathogenic. 

Fungus -nematode  interactions 

Damping  off  diseases . --Feldmesser  and  Feeder  (28)  found  that  the 
combination  of  Radopholus  similis  with  either  Rhizoctonia  solani  or  Fa- 
sarium  solani  resulted  in  a significant  increase  in  root  damage  of  grape- 
fruit seedlings  in  comparison  to  that  produced  by  each  pathogen  alone. 
Similarly,  reduction  in  root  growth  of  sweet  orange  seedlings  caused  by 
Pylenehulus  semioanetrans  and  F.  solani  was  greater  than  that  produced  by 
either  the  fungus  or  the  nematode  (129).  Halpin  (38)  reported  that  in- 
fection by  Meloidogyne  incognita  or  M.  incognita  acrita  significantly  in- 
creased severity  of  root  damage  of  white  clover  caused  by  R.  solani,  F. 
roseum  or  Nigrospora  sp . Reynolds  and  Hanson  (101)  demonstrated  a close 
association  between  severity  of  damping  off  of  cotton  caused  by  R.  solani 
and  root  knot  severity  caused  by  M.  incognita  acrita.  Soil  fumigation 
with  nematocides  decreased  the  nematode  population  and  effectively  con- 
trolled damping  off  of  cotton.  Meloidogyne  javanica  and  M.  hap  la  marked- 
ly increased  post-emergence  camping  off  of  soybeans  caused  by  R.  solani 
(124).  Similarly,  both  nematodes  interacted  synergistically  with  viru- 
lent, but  not  with  weakly  pathogenic,  isolates  of  the  fungus  (136).  Sus- 
ceptibility to  R.  solani  and  Thielviopsis  bas icola  was  greatly  enhanced 
in  cotton  seedlings  infected  by  M.  incognita  (133).  Post -emergence  damp- 
ing off  of  cotton  caused  by  R.  solani,  Pythium  debaryanum  or  F.  oxysporum 
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f . vas inf ec turn  was  remarkably  increased  in  the  presence  of  M.  incognita 
acrita  (89). 

Brodie  and  Cooper  (15)  found  that  infection  by  M.  incognita,  M. 
hap la,  Rotylenchulus  reniformis , or  Hoplolaimus  tylenchiformis  prolonged 
susceptibility  of  cotton  seedlings  to  Rhizoctonia  solani.  Prolonged  sus- 
ceptibility to  Pythium  dabaryanum  was  obtained  only  in  the  presence  of 
M.  incognita  or  M.  hap la.  They  attributed  prolonged  susceptibility  to 
Rhizoctonia  to  reduction  in  growth  rate  of  the  host  due  to  the  nematodes. 
Prolonged  susceptibility  to  P.  debaryanum  was  associated  with  a physio- 
logical response  to  the  nematode  infection.  Sporangial  production  of 
the  fungus  was  approximately  ten  times  greater  in  the  presence  of  juice 
extracted  from  galled  tissue  produced  by  M.  incognita  then  that  produced 
in  the  presence  of  juice  extracted  from  healthy  root  tissue  (15).  Sayed 
(108)  reported  that  Hoplolaimus  sp.,  Ty 1 e nch o rhy nc hu s sp . , or  Tricho- 
dorus  sp.  had  no  effect  on  the  severity  of  damping  off  of  cucumber, 
peas,  and  tomato  caused  by  either  R.  solani  or  P.  ultimum. 

Root  rot  diseases. — Field  surveys  showed  that  Meloidogyne  incog- 
nita acrita  increased  incidence  of  cotton  root  rot  caused  by  Thielviop- 
sis  basicola  (8).  Apt  and  Koike  (2,  3)  studied  relationship  of  M.  incog- 
nita acrita  and  Helicotylenchus  nannus  to  pathogenicity  of  pythium  gra- 
minicola  on  sugarcane.  Helicotylenchus  nannus  had  no  influence  on  sever- 
ity of  the  root  rot  (2).  However,  infection  by  M.  incognita  acrita  sig- 
nificantly reduced  top  growth  but  not  root  growth  of  sugarcane  caused  by 
the  fungus  (3).  Aphelenchus  avenae  remarkably  reduced  severity  of  root 
rot  of  oats  caused  by  P.  arrhenomans  (102).  The  nematode  apparently  con- 


trolled the  disease  by  feeding  on  the  fungus.  Wyllie  and  Taylor  (137) 
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reported  that  a combination  of  M.  haola  and  Phy toph thora  so j ae  resulted 
in  more  root  damage  to  soybeans  than  either  pathogen  alone. 

The  black-shank  root -knot  disease  complex  of  tobacco  has  been 
studied  extensively.  Tisdale  (127)  observed  that  infection  by  Hetero- 
dera  marioni  (Heloidogyne  sp.)  reduced  resistance  of  tobacco  to  the  black 
shank  fungus.  Similar  findings  were  reported  by  Moore  et  al.  (77).  Fum- 
igation with  nonfungicidal  nematocides  effectively  reduced  the  severity 
of  black  shank  of  tobacco  grown  on  fields  infested  with  Meioidogyne  sp. 
and  Phy  toph  thora  parasitica  var.  nicotianae  (91).  Sasser  e_t  al.  (107) 
demonstrated  that  M.  incognita  acrlta  and  M.  hap la  greatly  increased  se- 
verity and  rate  of  development  of  the  fungal  disease  in  black  shank-re- 
sistant tobacco  varieties.  Since  the  fungus  is  capable  of  direct  pene- 
tration of  epidermal  cells  (30)  Sasser  et  al . concluded  that  the  nema- 
todes somehow  altered  the  physiology  of  host  resistance  to  Phytophthora. 
Graham  (37)  showed  that  M.  incognita  acrita  significantly  increased  root 
rot  severity  in  the  black  shank-resistant  tobacco  variety  Dixie  Bright 
101.  In  contrast,  Pratylenchus  brachyurus , Rotylenchus  brachyurus  and 
Tvlenchorhynchus  c lay toni  contributed  very  little,  if  any,  to  black 
shank  development.  Powell  and  Nusbaum  (97)  reported  that  severity  of 
black  shank  in  root-knot  susceptible  segregates  of  tobacco  line  was  sig- 
nificantly greater  than  that  in  root-knot  resistant  segregates  of  the 
same  line.  Incorporation  of  root-knot  resistance  also  contributed  to 
the  black  shank  resistance.  His topatho logy  of  the  interaction  between 
either  M.  incognita  or  M.  incognita  aerie a and  P.  parasitica  var.  nico- 
tianae  has  been  critically  investigated  (98).  Wounding  by  the  nema- 


todes contributed  very  little  to  the  fungus  development.  Hyperplastic 
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and  hypertrophic  tissues  of  the  nematode  galls  were  extensively  colo- 
nized by  the  fungus.  Mycelium  was  often  observed  within  the  gelatin- 
ous matrixes  of  the  nematode  egg  masses.  Bird  (12)  reported  that  egg 
sacs  of  M.  javanica  and  M.  hap la  are  largely  composed  of  a glucopro- 
teinaceous  substance.  The  protoplasm  of  giant  cells  was  highly  sensi- 
tive to  the  fungal  invasion,  whereas  a congenial  relationship  existed 
between  the  host  and  the  fungus  in  the  hyperplastic  region  of  the  nema- 
tode-galled tissue.  Powell  and  Nusbaum  (98)  concluded  that  in  black 
shank-susceptible  and  resistant  tobacco  varieties,  infection  by  the  root- 
knot  nematode  evidently  altered  the  physiology  of  the  host,  offering 
the  fungus  a better  substrate  for  extensive  colonization  of  tissues  sur- 
rounding nematode  infection  loci. 

Good  (36)  reported  the  constant  association  of  Pratylenchus  brachy- 
urus  with  Sclarc tiur.  rolfsii  on  peanuts,  but  the  nature  of  the  associa- 
tion was  not  determined.  Jenkins  (50,  51,  52)  studied  the  relation  of 
Thielviops is  basicola,  Fusarium  sp.,  Pythium  sp . , and  Pratylenchus  pene- 
trans to  brown  rot  of  tobacco,  tie  concluded  that  neither  this  nematode 
nor  any  of  the  fungi  can  produce  the  disease  syndrome.  Mountain  (79), 
however,  demonstrated  that  the  nematode  is  the  primary  cause  of  the 
brown  rot.  Fungi  were  involved  only  in  later  stages  of  tissue  disinte- 
gration. Miller  (74)  found  that  combined  fungicidal  and  nematocidal 
chemicals  gave  better  control  of  strawberry  black  root  rot  than  did  eith- 
er type  of  chemical  alone.  Pratylenchus  penetrans  and  several  soil- 
borne  fungi  are  frequently  associated  with  the  disease  complex.  Reduc- 
tion in  populations  of  the  nematode  by  soil  fumigation  did  not  result 
in  any  significant  decrease  in  severity  of  the  black  root  rot  (99). 
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The  etiological  role  of  the  nematode  or  any  of  the  associated  fungi  has 
not  been  elucidated.  Mountain  and  Benedict  (80)  reported  the  constant 
association  between  P.  minyus  and  Rhizoctonia  solani  on  wheat.  The 
presence  of  both  the  nematode  and  the  fungus  is  essential  for  develop- 
ment of  root  rot  of  winter  wheat  (9).  Norton  (88)  noted  that  P.  hexin- 
cisus  increased  severity  of  charcoal  root  rot  of  sorghum  caused  by  Mac- 
rophomina  phaseoli.  Similarly,  P.  pratensis  increased  severity  of  tomato 
root  rot  caused  by  Cylindrocarpon  radicicola  (41).  Triffitt (128)  record- 
ed a frequent  association  of  Heterodera  schachtii  (H.  rostochiensis) 
with  Co lie to trichum  atromentarium;  the  cause  of  black  dot  root  rot  of  po- 
tato. Tylenchorhynchus  martini  interacted  synergistically  with  virulent, 
but  not  with  weakly  pathogenic,  isolates  of  Aphanomyces  euteiches;  caus- 
ing common  root  rot  of  canning  peas  (39).  The  synergistic  action  was  di- 
rectly related  to  levels  of  the  nematode  inocula.  Synergism  occurred 
even  at  levels  of  fungal  inoculum  that  was  nonpathogenic  in  an  absence  of 
the  nematode.  It  was  concluded  that  the  nematode  apparently  altered  the 
physiology  of  host  resistance  to  the  fungus.  Epstein  and  Griffin  (25) 
reported  an  association  of  Xiph inema  americanum  and  Cy tospora  kunzei  var. 
picae  on  spruce.  They  believed  that  the  nematode  presumably  provided 
wounds  for  the  fungal  invasion.  Anguina  tritici  is  reported  to  be  an 
essential  inoculating  agent  for  Dilophospora  aleropecuri;  the  cause  of 
leaf  spot  and  head  blight  of  wheat  (5,  59). 

Vascular  wilt  diseases . —McGuire  et  al.  (71)  tested  the  effects 
of  root-knot  nematodes  Meloidogvne  hap la,  M.  iavanica,  M.  incognita,  M. 
incognita  acrita  and  M.  arenaria  on  Fusarium  wilt  of  alfalfa  caused  by 
Fusarium  oxysporum  f.  vas inf ec turn.  Each  of  the  nematode  species  except 
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M.  incognita  acrita  significantly  increased  wilt  incidence  in  the  wilt- 
susceptible  variety  Buffalo.  Wilt  severity  was  positively  correlated 
with  root-knot  severity.  Giamalva  e_t  al.  (34)  found  that  none  of  the 
above  listed  root-knot  nematode  species  influenced  development  of  Fu- 
sarium  wilt  (F.  oxysporurr.  f.  batatas)  in  wilt-susceptible  and  wilt- 
resistant  sweet  potato  varieties.  The  root-knot  nematode-Fusarium  com- 
plex of  cotton  has  been  studied  extensively.  Atkinson  (6)  pointed  out 
the  importance  of  root-knot  nematodes  in  reducing  wilt  resistance  of 
various  cotton  varieties.  Smith  (114,  115,  116,  119)  found  that  Hetero- 
dera  mar ion i (Meloidogyne  sp.)  greatly  increased  susceptibility  of  cot- 
ton to  Fusarium  wilt.  Soil  fumigation  with  nematocides  markedly  con- 
trolled the  Fusarium-nematode  complex.  Similar  results  were  also  ob- 
tained by  Taylor  et:  al.  (123)  and  by  Jones  (54).  The  Fusarium  wilt 
pathogen  is  somehow  aided  by  the  root-knot  nematode  in  penetration 
(117).  Root-knot  resistance  and  Fusarium  wilt  resistance  were  positive- 
ly correlated  in  cotton  (117,  118,  120).  Smith  (115,  117)  emphasized 
the  role  of  the  root -knot  nematodes  as  predisposing  factors  to  the  Fu- 
sarium wilt,  and  stated  that  breeding  for  wilt  and  nematode  resistance 
must  be  incorporated. 

Soil  fumigation  with  ethylene  dibromide  effectively  reduced  nema- 
tode populations  and  controlled  Fusarium  wilt  in  the  wilt-resistant 
cotton  variety  Coker  ICO,  grown  in  fields  infested  with  Meloidogyne  in- 
cognita, M.  incognita  acrita,  Trichodorus  sp . , Tylenchorhynchus  sp., 
and  Eelicotylenchus  sp.  (87).  Martin  £t  al.  (67,  68)  showed  that  M.  in- 
cognita and  M.  incognita  acrita  significantly  increased  wilt  severity 
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resistant  cotton  varieties.  Different  isolates  of  the  root-knot  nema- 
todes varied  in  their  ability  to  predispose  the  wilt-resistant  variety 
Coker  100  to  Fusarium  wilt.  Species  of  Trichodorus,  Tylenchorhynchus 
and  Helicoty: enchus , although  reproduced  abundantly  on  cotton,  faded 
to  affect  wilt  severity.  In  contrast,  the  stunt  nematode  (T.  claytoni) 
greatly  ncreased  incidence  of  Fusarium  wilt  (F.  oxysporum  f.  nicatianae) 
in  the  wilt-susceptible  tobacco  variety  Oxford  1-181  (43).  Hollis  (47) 
demonstrated  a positive  correlation  between  extent  of  vascular  dis- 
coloration of  cotton  caused  by  Fusarium  and  infection  by  M.  incognita 
acrita.  He  showed  that  cotton  varieties  apparently  possessed  equiva- 
lent resistance  or  susceptibility  to  the  Fusarium-root-knot  complex. 
Similarly,  the  nematode  significantly  reduced  resistance  to  Fusarium 
wilt  in  the  wilt-tolerant  and  moderately  nematode-resistant  cotton  var. 
Auborn  56  (33).  Fusarium  alone  did  not  produce  wilting,  and  produced  on- 
ly 10  per  cent  vascular  discoloration.  Similar  results  were  obtained  us- 
ing Deltapine-15,  a root-knot  and  wilt-susceptible  variety;  and  AXTE-1, 
an  experimental  breeding  line. 

Cooper  and  Brodie  (22,  23)  studied  the  role  of  Meloidogyne  in- 
cognita acrita  and  Belonolaimus  longicaudatus  in  predisposing  cotton 
varieties  to  Fusarium  wilt.  A highly  significant  positive  correla- 
tion between  infection  by  either  of  these  nematodes  and  Fusarium  wilt 
indices  was  found.  Both  nematodes  similarly  predisposed  resistant  and 
wilt-susceptible  varieties  to  fungal  infection.  Varieties  in  which  root- 
knot  resistance  contributed  to  wilt  resistance  were  also  resistant  to 
the  sting  nematode -Fusarium  complex.  Similar  findings  showed  that  the 
sting  nematode  broke  down  resistance  of  the  cotton  variety  Coker  100 
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to  Fusarium  wilt  and  significantly  increased  wilt  severity  in  wilt- 
susceptible  cotton  varieties  (44,  45,  46).  Infection  by  a reniform 
nematode  (Rotylenchulus  reniformis)  markedly  increased  incidence  of 
Fusarium  wilt  in  wilt-susceptible  but  not  wilt-resistant  cotton  varie- 
ties (85).  Minton  and  Minton  (76)  studied  the  his topathology  of  the 
interaction  between  M.  incognita  acrita  and  Fusarium  oxysporum  f.  vasin- 
fectum  on  cotton.  They  showed  that  the  fungus  grew  profusely  in  the  xy- 
lem  element  and  in  giant  cells.  Infection  by  the  nematode  apparently 
provided  a suitable  substrate  for  fungal  growth.  It  was  also  noted 
that  the  only  portals  for  entry  of  the  fungus  to  xylem  vessels  were 
through  the  nematode -decayed  tissue. 

Soil  fumigation  with  ethylene  dibromide  was  more  effective  in  re- 
ducing severity  of  Fusarium  wilt  in  wilt-resistant  than  in  wilt-suscep- 
tible cowpea  varieties  (125,  126).  The  authors  found  that  Meloicogyne 
javanica  broke  down  resistance  of  the  Grant  variety  to  Fusarium  wilt  and 
significantly  increased  wilt  severity  in  the  wilt-susceptible  variety 
Chino  3.  Inoculation  with  Fusarium  oxysporum  f . tracheiohylum  alone 
gave  no  wilt  in  the  resistant  variety  and  only  traces  in  the  suscepti- 
ble variety.  Inoculation  by  dipping  transplants  in  Fusarium  spore  sus- 
pension, however,  resulted  in  slight  xylem  necrosis  in  the  wilt-resis- 
tant variety  compared  to  severe  xylem  necrosis  of  the  susceptible  varie- 
ty. They  concluded  that  the  role  of  the  nematode  is  apparently  physio- 
logical rather  than  that  of  merely  providing  wounds  for  fungal  penetra- 
tion. Similarly,  M.  incognita  acrita  and  M.  hap la  broke  down  resistance 
of  the  pea  variety  Pluperfect  to  F.  oxysporum  f.  pisi  Race  1,  and  in- 
creased rate  of  wilting  in  the  wilt-susceptible  variety  Alaska  (24). 
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Tylenchorhynchus  claytoni  had  no  influence  on  Fusarium  wilt  in  both  pea 
varieties.  In  addition,  histopathological  studies  revealed  the  presence 
of  the  fungus  in  the  nematode-galled  tissue  of  the  susceptible  variety. 
This  was  accompanied  by  gum-like  deposits,  coarse  granulation,  and  dis- 
integration of  giant  cell  contents.  Fungus  mycelium  was  also  present 
in  giant  cells  of  the  resistant  variety,  but  disintegration  of  cell  con- 
tents was  not  evident.  Labruyere  et  a]..  (58)  reported  that  Hoploiaimus 
uniformis  significantly  increased  severity  of  pea  wilt  caused  by  F.  oxy- 
sporum  f . pisi  Race  3 . 

Meloidogyne  incognita  acrita  and  M.  javanica  greatly  enhanced  the 
incidence  of  mimosa  wilt  caused  by  Fusarium  oxysporum  f . nernicosum 
(25).  M.  incognita  acrita,  M.  incognita,  M.  hap la,  M.  arenaria,  M.  are- 
naria  thamsei,  and  M.  javanica,  interacted  synergistically  with  F.  oxy- 
sporun  f.  dlanthi  on  carnation  (110,  111),  whereas  Ditvlenchus  sp.  mark- 
edly inhibited  the  development  of  Fusarium  wilt  (109).  Helicotylenchus 
nannus  and  H.  buxophilus , although  pathogenic  on  carnation,  did  not  inter- 
act with  Fusarium  (111).  Artificial  wounding  greatly  increased  carnation 
wilt.  It  was  concluded  that  the  root-knot  nematodes,  being  endoparasit- 
ic  were  more  effective  in  providing  direct  pathways  to  the  vascular 
system  for  the  wilt  pathogen  than  the  ectoparasitic  nematodes.  Soil 
fumigation  with  nematocides  greatly  reduced  Fusarium  wilt  severity  of 
tobacco  grown  on  root-knot  infested  soils  (78).  Powell  (96)  stated 
that  Fusarium  wilt  of  tobacco  was  more  severe  when  the  fungus  was  added 
two  to  four  weeks  following  root-knot  nematode  infection,  than  when 
nematodes  and  fungus  were  added  simultaneously.  Newhall  (86)  found 
that  the  presence  of  Radopholus  similis  significantly  increased  wilt 
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severity  in  the  banana  variety  Gros  Michel  infected  by  F.  oxysporum  f. 
cubense,  whereas  Meloidogyne  sp.  had  no  influence  on  the  severity  of 
wilt.  Loos  (62)  reported  that  neither  R.  siir.il is  nor  M.  incognita 
acrita  is  prerequisite  for  Fusarium  infection  vchen  fungus  spores  were 
used  at  14  millions/sq.  in.  of  soil.  High  inoculum  level  of  R.  s irr.il is , 
however,  shortened  the  time  interval  prior  to  wilt  appearance.  The 
role  of  the  burrowing  nematode  was  attributed  to  providing  wounds  for 
fungus  penetration  (36). 

The  root-knot-neraatode-Fusarium  interaction  on  tomato  has  long 
been  recognized.  Young  (138)  not  d that  resistance  of  tomato  to  Fusar- 
ium wilt  was  greatly  reduced  following  plantings  of  root-knot-suscepti- 
ble  varieties.  Fumigation  with  ethylene  dibromide  did  not  control  the 
Fusarium- root-knot  complex  (40),  whereas  chloropicrin  was  effective 
(139).  McClellan  and  Christie  (69),  however,  found  that  Hetercdera  marior.i 
(Meloidogyne  sp.)  had  no  influence  on  wilt  development.  Jenkins  and 
Coursen  (53)  studied  the  interaction  between  M.  incognita  acrita  and  M. 
hapla  with  Fusar ium  oxysporum  f.  lycopersici  in  tomato.  These  nematodes 
had  no  effect  on  the  wilt-susceptible  variety  Redbeefsteak , but  signif- 
icantly increased  wilt  severity  in  the  wilt-tolerant  variety  Rutgers 
and  broke  down  resistance  of  the  highly  wilt -resistant  variety  Chesa- 
peake. They  concluded  that  the  nematodes  evidently  altered  the  physi- 
ology of  host  resistance  to  Fusarium.  In  contrast.  Binder  and  Hutchin- 
son (11)  found  that  M.  incognita  acrita  did  not  alter  resistance  of  the 
Chesapeake  variety  to  Fusarium  wilt,  either  under  normal  or  potassium 
deficient  conditions.  They  concluded  that  differences  in  inoculum  po- 
tential and  possibly  parasitic  races  of  the  nematode  might  account  for 
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the  failure  to  reproduce  the  previous  findings,  "Parasitic  races  of 
the  root-knot  nematode  have  been  reported  (66). 

Severity  of  Fusarium  wilt  of  cotton  was  constantly  associated 
with  distribution  of  populations  of  the  meadow  nematode  (Pratylenchus 
pratensis)  (113) . 

The  Verticillium-rcot  lesion  nematode  complex  of  eggplant  was 
studied  extensively  (72,  31,  82).  Pratylenchus  penetrans  interacted 
synergis tically  with  Vertic ill ium  albo -atrum  at  both  low  and  intermed- 
iate levels  of  the  fungal  inoculum  (72,  81).  Also,  reproduction  of 
the  nematode  was  greatly  increased  in  the  presence  of  the  fungus.  Nema- 
tode populations  were  decreased,  however,  by  increasing  the  fungal  inoc- 
ulum. Similarly,  the  presence  of  Verticillium  increased  the  final  pop- 
ulation of  the  root  lesion  nematode  in  tomato,  pepper  and  eggplant 
(82).  The  authors  suggested  that  this  relationship  apparently  repre- 
sents a different  type  of  interaction  whereby  the  nematode  and  the  fun- 
gus mutually  benefit  each  other  in  colonizing  the  host  tissue.  Soil 
fumigation  with  "Trizone"  or  "Picfume"  effectively  reduced  populations 
of  ?.  minyus , P.  hamatus , and  P^  capitatus , and  controlled  Verticillium 
wilt  (V.  albo -atrum  f.  menthae)  of  peppermint  (27).  In  contrast,  Dich- 
loropropane-dichloropropane  reduced  only  the  initial  incidence  of  the 
Verticillium  wilt.  Bergeson  (10)  found  that  differences  in  growth  re- 
duction of  peppermint  caused  by  P.  penetrans  and  V.  al bo -atrum,  a^one 
or  in  combination,  were  either  nonsignificant  or  additive.  Simultane- 
ous inoculation  with  the  nematode  and  the  fungus  had  no  influence  on 
severity  of  the  Verticillium  wilt.  However,  addition  of  Verticillium 
two  months  after  inoculation  with  the  nematode  significantly  increased 
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rate  of  wilting. 

Various  antifungal  treatments,  particularly  Pentachloronitro- 
benzene  (PCNP) , stimulated  reproduction  of  Pratylenchus  penetrans  and 
consequently  increased  the  incidence  of  Verticillium  wilt  of  straw- 
berry (103).  The  nematode  significantly  increased  the  severity  and 
rate  of  the  Verticillium  wilt  on  the  wilt-susceptible  strawberry  varie- 
ty Dixieland  (1).  The  meadow  nematode,  although  pathogenic,  did  not 
interact  with  Verticillium  albo-atrum  in  moderately  and  highly  wilt- 
resistant  strawberry  varieties.  Soil  coverings  of  paper  or  addition 
of  white  pine  sawdust  reduced  populations  of  P.  pene trans  and  controlled 
Verticillium  wilt  of  tomato  (75).  These  soil  amendments  alone  had  no 
effect  on  severity  of  the  Verticillium  wilt.  Mountain  and  McKeen  (S3) 
reported  that  the  meadow  nematode  greatly  increased  the  severity  of  to- 
mato wilt  caused  by  V.  dahliae. 

Soil  surveys  showed  that  Meloidogyne  incogni  t.ci  2.CT2.L.3.  Weis  con- 
stantly associated  with  high  incidence  of  Verticillium  wilt  of  cotton 
(8).  Soil  fumigation  with  ethylene  dibromide,  although  reducing  popula- 
tions of  the  root-knot  nematode,  did  not  decrease  the  incidence  of  the 
Verticillium  wilt  (70).  The  nature  of  the  interactions  between  the  ne- 
matode and  V.  albo-atrum  had  not  been  elucidated. 

Bacteria -nematode  interactions 

Interaction  between  nematodes  and  bacteria  has  received  relative- 
ly little  attention  (94).  Ark  and  Thomas  (4)  reported  that  infection 
of  apple  roots  by  Anguillulina  pratensis  (Praty? anchus  sp.)  greatly  en- 


hanced tissue  colonization  by  Pseudomonas  f luorescens . The  bacterium 
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alone,  however,  was  nonpathogenic . Ditylenchus  dipsaci  was  reported 
to  be  an  essential  inoculating  agent  and  possibly  a vector  for  develop- 
ment of  the  croxm  rot  of  rhubarb  caused  by  Bac ter ium  rhaponticum  (Er- 
winia  rhaponticum)  (73) . The  interaction  between  Aphelenchoides  ritzema 
bosi  and  Coryne bacterium  fascia ns  on  strawberry  has  been  thoroughly  in- 
vestigated (95).  The  cauliflower  disease  complex  consists  of  two  dis- 
tinct, but  intimately  related  bacterial  and  nematode  diseases.  The  nema 
tode  alone  inhibits  growth  of  the  apical  meristem  producing  short-lived 
alaminate  leaves.  Bacteria  alone  stimulate  growth  of  the  dormant  meri- 
stems  producing  leafy  gall  symptoms.  Both  pathogens  are  complementary 
etiological  factors  for  full  expression  of  the  cauliflower  disease  syn- 
drome. The  nematode  also  acts  as  a vector  for  the  bacterium.  Similar- 
ly, Anguina  frit lei  apparently  acts  as  a vector  for  Corynebacterium 
tritlci;  the  cause  of  the  yellow  slime  disease  of  wheat  (17,  106,  130). 
Chaudhuri  (17)  reported  that  the  bacterium  alone  failed  to  infect  wheat, 
whereas  Cheo  (18)  claimed  full  proof  of  the  bacterial  pathogenicity. 

Meloidogyne  incognita  significantly  increased  the  incidence  of 
bean  wilt  caused  by  Corynebacterium  f laccumfaciens  var.  aurantiacum, 
whereas  M.  hap la  had  no  influence  on  the  wilt  development  (112) . Me- 
chanical wounding  greatly  increased  severity  and  rate  of  the  bacterial 
wilt.  The  role  of  the  nematode  was  attributed  to  providing  wounds  for 
bacterial  invasion.  Stewart  and  Schindler  (122)  demonstrated  that  popu- 
lations of  M.  hap la,  M.  javanlca,  M.  incognita,  M.  incognita  acrita,  M. 
arenaria  or  Helicotylenchus  nannus  significantly  increased  rate  and  se- 
verity of  carnation  wilt  caused  by  Pseudomonas  caryophylli.  Xiphenima 
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divers icaudatum  had  no  effect  on  the  wilt  development,  whereas  Di.:ylen- 
chus  sp.  markedly  decreased  severity  and  rate  of  wilting.  Mechanical 
wounding  also  increased  rate  and  severity  of  wilt.  Similarly,  M.  incog- 
nita interacted  synergisticaily  with  P.  solanacaarum  on  tobacco  (64). 

The  nematode  significantly  increased  severity  and  rate  of  wilting  in 
the  moderately  wilt-resistant  variety  Dixie  Bright  101  (65).  The  develop- 
ment of  wilt  in  plants  inoculated  with  the  nematode  and  the  bacteria 
was  comparable  to  that  produced  in  plants  inoculated  by  pouring  bacterial 
suspension  on  freshly-cut  roots.  Inoculation  with  the  bacteria  24  or 
48  hours  after  artificial  wounding  gave  significantly  lower  wilt  indices 
than  that  produced  by  simultaneous  inoculation  with  the  nematode  and  the 
bacteria.  Plants  inoculated  with  a concentrated  bacterial  suspension 
developed  more  rapid  and  more  severe  wilting  than  did  plants  inoculated 
with  one-tenth  as  many  bacteria.  In  the  presence  of  the  nematode,  how- 
ever, wilt  severity  was  greatly  increased  at  both  high  and  low  levels 
of  the  bacterial  inoculum.  The  authors  concluded  that  the  nematode  ap- 
parently provided  suitable  wounds  for  the  bacterial  invasion. 

Ty 1 enchorhynchus  claytoni  failed  to  increase  susceptibility  of 
wilt-tolerant  tobacco  varieties  to  Xanthomonas  solanacearum  (63). 

Failure  of  the  stunt  nematode  to  interact  synergisticaily  with  the  bac- 
teria was  interpreted  on  the  basis  that  wounds  inflicted  by  the  nema- 
tode feeding  are  too  superficial  to  offer  the  vascular  pathogen  a direct 
pathway  to  the  xylem  vessels.  According  to  Kelman  (55)  Hunger  demon- 
strated that  tomato  plants  were  readily  infected  with  Pseudomonas 
solanacearum  when  grown  in  root -knot  infested  soil. 


Libman  and  Leach 
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(60)  reported  that  fumigation  with  Dibromochloropropane  significantly 
decreased  severity  of  bacterial  wilt  of  tomato  grown  on  soil  infested 
with  P.  solanacearum  and  an  unidentified  population  of  plant  parasitic 
nematodes.  In  addition  greenhouse  experiments  showed  that  Helicocylen- 
chus  nannus  markedly  increased  severity  of  the  bacterial  wilt.  Similar - 
ly3  M.  hap la  and  H.  nannus  significantly  increased  incidence  and  severity 
of  the  bacterial  wilt  (61) . Artificial  wounding  of  tomato  roots  was 
more  effective  in  increasing  the  severity  of  wilt  than  either  the  root- 
knot  or  the  spiral  nematode. 

OBJECTIVES  OF  THE  PRESENT  RESEARCH 
Two  hypotheses  have  been  advanced  to  account  for  the  role  of 
plant  parasitic  nematodes  in  predisposing  host  plants  to  fungal  and  bac- 
terial pathogens.  One  holds  that  wounds,  inflicted  by  nematodes  through 
their  feeding,  offer  suitable  infection  courts  that  facilitate  bacterial 
and  fungal  invasion.  This  is  largely  based  on  the  findings  that  nematodes 
gave  significanc  increases  in  fungal  and  bacterial  disease  severity  com- 
parable to  that  produced  by  artificial  wounding  (25,  62,  63,  64,  86,  110, 
111,  112,  122).  However,  exact  correlation  between  nematode  invasion 
and  ingress  by  fungal  or  bacterial  pathogens  is  lacking. 

The  second  hypothesis  states  that  nematodes  apparently  alter  the 
physiology  of  host  resistance,  thus  predisposing  them  to  other  pathogens. 
There  are  several  lines  of  evidence  supporting  this  hypothesis.  Inter- 
action between  nematodes  and  other  pathogens  is  sometimes  highly  spe- 
cific in  nature  (39,136).  In  other  cases  infection  by  nematodes  com- 
pletely broke  down  the  high  resistance  of  certain  host  varieties  to  fun- 
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gal  pathogens  (24,  76,  98). 

Southern  bacterial  wilt  of  tomato  caused  by  Pseudomonas  solana- 
cearum  is  one  of  the  most  destructive  plant  diseases.  The  exact  mech- 
anism of  bacterial  ingress  is  not  known.  In  the  absence  of  external 
root  injury,  there  is  evidence  suggesting  bacterial  entry  through 
wounds  arising  at  points  of  emergence  of  secondary  roots  (16).  Bac- 
teria readily  entered  roots  of  both  susceptible  and  wilt-resistant 
tomato  and  tobacco  varieties  (135).  However,  wilt  susceptibility  was 
significantly  correlated  with  an  increase  in  bacterial  population  with- 
in host  tissue.  It  was  suggested  that  establishment  of  the  pathogen  is 
largely  determined  by  its  ability  to  maintain  rapid  multiplication  and 
successful  parasitic  relations  with  its  host.  The  fac  .s  that  nematodes 
having  different  modes  of  feeding  similarly  predispose  tomato  to  the  bac- 
teria, that  mechanical  wounding  wes  more  effective  than  nematodes  as  pre- 
disposing agents  (61),  and  that  wilt  susceptibility  is  correlated  with  suc- 
cessful establishment  of  parasitic  relation  (15,  135),  suggest  that  other 
factors  besides  woundings  might  be  involved. 

The  objectives  of  this  investigation  were  to  1)  test  the  exis- 
tence of  interactions  between  Mejoidogyne  incognita  acrita  and  Pseudo- 
monas so lan ace arum  in  susceptible  and  wilt-resistant  tomato  varieties, 

2)  study  the  comparable  effect  of  the  nematode  and  artificial  wounding 
on  severity  and  rate  of  wilting  on  both  host  varieties,  and  3)  test  the 
hypothesis  that,  although  wounds  inflicted  by  the  nematode  might  be  a 
contributing  factor,  nematode  infection  somehow  alters  physiology  of 
the  host  in  such  a way  that  its  susceptibility  to  the  bacterial  wilt 
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WILT  INCIDENCE  IN  INTACT  NEMATODE -INFECTED 
AND  NEMATODE -FREE  PLANTS 

Inoculation  experiments  were  conducted  in  the  greenhouse  to 
test  the  interaction  of  the  nematode  Meloidogyne  incognita  acrita 
Chitwood  1949,  and  the  bacterium  Pseudomonas  solanacearum  E.  F.  Sm. 
on  wilt-susceptible  and  resistant  tomato  varieties.  Experiments 
also  included  a study  of  the  comparable  effects  of  the  root-knot 
nematode  and  artificial  woundings  on'  severity  and  rate  of  the  bac- 
terial wilt  of  both  tomato  varieties. 

MATERIALS  AND  METHODS 

The  virulent  isolate  60-Re^  of  Pseudomonas  solanac earuu  was 
used  throughout  the  inoculation  tests.  Inoculum  was  maintained  by 
successive  subculturing  on  potato-dextrose  agar  (PDA)  slants  in  test 
tubes.  Stock  cultures  of  the  bacterium  were  stored  by  using  sterile 
mineral  oil  at  5-10°  C as  described  by  Kelman  and  Jensen  (56).  Cul- 
tures kept  under  these  conditions  remained  highly  pathogenic  to  the 
tomato  variety  Rutgers  for  two  years.  The  root-knot  nematode  was  o- 
riginally  isolated  from  a naturally  infected  Viburnum  plant  growing 
in  Gainesville,  Florida.  By  using  routine  methods,  perineal  patterns 
of  several  adult  female  nematodes  were  prepared  and  examined  under  the 

1Kindly  supplied  by  Dr.  Arthur  Kelman,  Department  of  Plant 
Pathology,  North  Carolina  State  College,  Raleigh,  N.  C. 
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compound  microscope.  The  nematode  was  identified* 2  as  Meloidogyne  in- 
cognita acrita  Chitwood  1949. 

Several  egg  masses  of  the  nematode  we re  surface-sterilized  for 
30  minutes  in  a solution  containing  0.1  per  cent  CuSO^  and  1 per  cent 
streptomycin  sulfate.  Egg  masses  were  then  rinsed  three  times  each  for 
ten  minutes  in  distilled  water.  Tomato  seedlings  of  the  Rutgers 
variety  were  grown  in  steam-sterilized  potting  soil.  Plants  were  in- 
oculated with  the  nematode  by  pouring  several  egg  masses  suspended  in 
distilled  water  into  a cavity  formed  in  the  soil  near  the  plant  roots. 
The  cavity  was  then  filled  with  soil.  The  nematode  inoculum  that  de- 
veloped was  maintained  for  two  years  by  repeated  planting  and  trans- 
planting of  Rutgers  tomato  in  nematode -infested  and  initially  steam- 
sterilized  potting  soil. 

Rutgers  tomato  (Lycooersicon  esculentum  Mill.)  and  the  tomato 
breeding  line  designated  as  1961-57-55  MO*-'2  were  used  as  host  plants 
in  the  inoculation  tests. 

Methyl  bromide-treated  field  soil  mixed  with  peat  was  steam- 
sterilized  by  autoclaving  for  one  hour  at  18  psi.  Standard  3-inch 
clay  pots  were  similarly  autoclaved  and  then  filled  with  the  sterilized 
soil.  "Arasan" -treated  seeds  of  the  tomato  Variety  Rutgers  and  the  to- 
mato line  "MO.P"  were  planted  in  the  potting  soil.  Several  seeds  per 
pot  of  each  host  plant  were  used.  Two  weeks  after  planting  the  tomato 

2 By  Dr.  V.  G.  Perry,  Department  of  Entomology,  University  of 
Florida,  Gainesville,  Florida. 

2Seeds  kindly  supplied  by  Dr.  W.  R.  Henderson,  Department  of 
Horticultural  Sciences,  North  Carolina  State  College,  Raleigh,  N.  C. 
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seedlings  were  thinned.  Plants  were  grown  in  the  greenhouse  and  wa- 
tered as  frequently  as  needed. 

The  tomato  variety  Rutgers  is  highly  susceptible  to  bacterial 
wilt  and  the  tomato  breeding  line  "MO.P"  is  moderately  wilt-resis- 
tant.^ A standardized  inoculating  procedure  that  would  permit  evalu- 
ation of  the  severity  of  bacterial  wilt  in  the  presence  or  absence  of 
the  root-knot  nematode  was  developed.  Several  bacterial  subcultures 
were  grown  on  PEA  slants  in  test  tubes  at  28-30°  C for  three  days. 
Bacterial  growth  from  a three-day  old  culture  was  transferred  with  a 
wire  loop  to  several  250-ml  Erlenmeyer  flasks  each  of  which  contained 
100  ml  of  sterile  potato  dextrose  broth.  Liquid  bacterial  cultures 
were  shaken  for  three  days  at  21°  C on  a reciprocating  shaker.  Unin- 
fested medium  was  shaken  in  the  same  manner.  The  resultant  bacterial 
growth  in  the  shake  liquid  culture  was  used  as  a standard  bacterial 
inoculum  throughout  the  inoculation  tests. 

Nematode  inoculum  was  obtained  from  heavily  infected  roots  of 
the  Rutgers  tomato.  Plants  were  carefully  removed  from  the  soil  and 
thoroughly  washed  with  tap  water.  Individual  rootlets  were  examined  un- 
der the  dissecting  microscope.  Five  mature  egg  masses  of  approximate- 
ly the  same  size  were  surface-sterilized  and  were  added  to  each  pot  of 
soil  as  described  earlier. 

Inoculation  of  tomato  seedlings  with  the  bacterium  was  done  immed- 
iately following  addition  of  the  nematode  to  the  soil.  A 20-ml  por- 
tion of  the  bacterial  suspension  was  poured  on  the  surface  of  the  soil 

^Dr.  W.  R.  Henderson,  Department  of  Horticultural  Sciences, 

North  Carolina  State  College,  Raleigh,  N.  C.  Personal  communication. 
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around  the  plant  roots  in  each  pot.  Equal  volumes  of  sterile  media 
were  similarly  added  to  each  pot  of  soil  not  infested  with  egg  masses 
of  the  nematode. 

Roots  were  artificially  wounded  prior  to  inoculation  with  the 
bacterium  by  forcing  a pair  of  scissors,  previously  dipped  in  95  per 
cent  ethanol,  into  the  soil  and  cutting  the  roots  several  times.  Age 
of  plants  at  the  time  of  inoculation  with  the  nematode  and  the  bacter- 
ium ranged  from  28  to  39  days.  Following  inoculation,  plants  were 
thoroughly  watered  and  placed  on  benches  in  the  greenhouse. 

All  experiments  were  designed  as  randomized  blocks  with  varying 
number  of  treatments.  Five  to  eight  of  the  following  standard  treat- 
ments were  applied  as  follows:  1)  uninoculated  control,  2)  sterile 

potato  dextrose  broth  added,  3)  roots  wounded  only,  4)  inoculated  with 
the  nematode  only,  5)  inoculated  with  the  bacterium  only,  6)  inocula- 
ted with  the  bacterium  and  roots  wounded,  7)  inoculated  with  the  bac- 
terium and  the  nematode,  8)  inoculated  with  the  bacterium  and  the  nema- 
tode and  roots  wounded.  Treatments  were  replicated  three  to  five  times 
with  five  to  eight  plants  per  replicate. 

Bacterial  wilt  readings  were  recorded  daily  following  inocula- 
tions until  the  maximum  expressions  of  wilt  in  presence  or  absence  of 
the  nematode  were  reached.  Duration  of  each  experiment  from  the  time 
of  inoculation  until  the  final  readings  ranged  from  four  to  five  weeks. 
Wilting,  leaf  epinasty,  vascular  discoloration,  and  presence  of  bac- 
terial ooze  in  the  infected  stems  were  considered  in  detecting  infec- 
tion by  the  bacterium.  Bacterial  wilt  data  were  calculated  as  total 


23 


percentage  of  wilted  plants  in  each  treatment.  Statistical  differen- 
ces among  treatments  were  obtained  using  the  Chi  square  factorial 
analysis.-"  All  experiments  were  conducted  in  the  greenhouse  under 
daily  temperature  ranges  of  25°  to  28°  C. 

RESULTS  AND  DISCUSSION 

In  the  presence  of  the  nematode,  root  wounding  or  both,  symp- 
toms of  bacterial  wilt  began  to  appear  much  earlier  in  both  host 
plants  than  those  in  plants  treated  with  the  bacterium  alone.  Inocu- 
lation with  the  bacterium  and  the  nematode  in  the  presence  or  absence 
' of  artificial  root  woundings  resulted  in  more  severe  stunting  of  seed- 
ling growth  than  did  inoculation  with  the  bacterium  alone.  Uninocula- 
ted controls,  plants  treated  with  sterile  PDB,  or  root  wounding  re- 
mained healthy.  Occasional  wilting  of  plants  inoculated  with  the  nema 
tone  alone  appeared  especially  at  later  stages  of  the  root-knot  infec- 
tion. However,  there  was  no  evidence  of  bacterial  infection  in  those 
plants  due  to  contamination. 

Infection  by  the  root -knot  nematode  markedly  increased  the  inci 
dence  of  bacterial  wilt  in  the  wilt-susceptible  tomato  variety  Rutgers 
and  the  wilt-resistant  "MC.P”  tomato  breeding  line.  The  incidence  of 
bacterial  wilt  in  plants  inoculated  with  the  bacterium  and  the  nema- 
tode was  significantly  higher  than  that  in  plants  inoculated  with  the 
bacterium  alone  (Tables  1,  3,  4).  Similarly,  wounding  significantly 
increased  the  incidence  of  bacterial  wilt  in  both  host  plants  (Tables 

-/Dr„  E.  Brandt,  former  Statistician  Head,  Agr.  Expt.  Sta., 
University  of  Florida,  Gainesville,  Fla.  Personal  communication. 
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2,  3,  4).  With  one  exception,  the  increased  incidence  of  wilt  in 
presence  of  the  nematode  or  wounding  was  statistically  significant. 
These  results  strongly  support  the  earlier  findings  reported  by  Lib- 
man  et  al . (61)  . 

Data  are  also  similar  to  those  obtained  with  the  Granville  wilt 
of  tobacco  (65),  with  Pseudomonas  caryophylli  in  carnations  (122)  and 
with  Corynebac terlum  f laccumfaciens  var.  aurantiacum  in  beans  (112). 

In  addition,  the  results  show  that  inoculation  of  freshly  wounded  roots 
of  both  host  plants  with  the  bacterium  and  the  nematode  gave  signifi- 
cantly higher  incidence  of  bacterial  wilt  than  did  inoculation  with 
the  bacterium  alone  (Tables  2,  3,  4). 

In  one  experiment  using  the  tomato  variety  Rutgers  the  nematode 
failed  to  produce  any  significant  increase  in  the  incidence  of  bacter- 
ial wilt.  There  were  no  significant  differences  in  the  incidence  of 
bacterial  wilt  between  plants  inoculated  with, both  pathogens  and  those 
inoculated  with  the  bacterium  alone  (Table  2).  Furthermore,  artifi- 
cial root  wounding  was  more  effective  in  increasing  susceptibility  of 
the  variety  Rutgers  to  the  bacterial  wilt  than  the  nematode.  The  com- 
bination of  the  bacterium  and  wounding  resulted  in  significantly  high- 
er incidence  of  bacterial  wilt  than  did  combination  of  the  bacterium 
and  nematode  (Table  2).  Similar  results  were  reported  by  Libman  e_t 
al.  (61). 

Examination  of  roots  of  the  variety  Rutgers  inoculated  with  the 
nematode  alone  revealed  only  slight  galling  of  the  roots  (Table  2), 
compared  to  the  severe  root-knot  infection  obtained  in  another  exper- 
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TABLE  1.  Incidence  of  Southern  bacterial  wilt  in  nematode-free 
and  nematode-infected  tomato  seedlings'*  of  the  variety  Rutgers  and  the 
"MO.P"  tomato  breeding  line 


Treatment^ 

Total  Per  Cent  Wilt 
Variety 

Rutgers  "MO.P" 

Uninoculated  control 

0 

0 

Sterile  potato  dextrose  broth 

0 

0 

Nematodec 

0 

0 

Bac  ter ium 

40. 0d 

35. 0d 

Bacterium  + nematode 

80.0 

75.0 

aSeedlings  were  28  days  old  at  the  time  of  inoculation. 

All  treatments  were  replicated  5 times  with  8 plants  per  rep- 
licate. 


cSeedlings  of  both  host  plants  inoculated  with  the  nematode 
alone  showed  severe  galling  of  the  roots. 

^Differences  between  treatments  within  the  same  host  plant 
were  statistically  significant  at  the  1 per  cent  level.  Differences 
between  comparable  treatments  of  the  two  host  plants  were  not  statis- 
tically significant. 
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TAB.FJE  2.  Comparable  effects  of  artificial  vour  lines  and  infec- 
tion by  the  nematode  on  the  incidence  of  Sou  tl>  -tn  bacterial  wilt  in 
the  tomato  variety  Rutgers3 


b 

Treatment  . . 

Total  per  cent  wilt 

Uninoculated  control 

0 

Sterile  potato  dextrose  broth 

0 

Foots  wounded 

0 

Q 

Nematode 

0 

Bacterium 

36.0 

Bacterium  + roots  wounded 

88. 0d 

Bacterium  + nematode 

52. 0e 

Bacterium  + nematode  + roots  wounded 

88. 0d 

aPlants  were  31  days  at  the  time  of  inoculation. 


bAll  treatments  were  replicated  5 times  with  5 plants  per  rep- 

lic ate. 

cPlants  inoculated  with  the  nematode  ab  le,  gave  an  average  of 
82  galls  per  gm  of  fresh  root  tissue  per  replica ta. 

^Differences  from  treatment  with  bacterium  alone  were  statis- 
tically significant  at  the  1 per  cent  level. 

eDifferences  from  treatment  with  bacterium  alone  were  not  sta- 
tistically significant.  Differences  from  treatment  with  bacterium 
and  wound  were  statistically  significant  at  the  i per  cent  level. 
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TABLE  3.  Comparable  effects  of  artificial  woundings  and  in- 
fection by  the  nematode  on  the  incidence  of  Southern  bacterial  wilt 
in  the  "MO.P"  tomato  breeding  line3 


Treatment^ 

Total  per  cent  wilt 

Uninoculated  control 

0 

Sterile  potato  dextrose  broth 

0 

Roots  wounded 

0 

Nematodec 

0 

Bac  ter ium 

13.33d 

Bacterium  + roots  wounded 

46.66® 

Bacterium  + nematode 

93.33 

Bacterium  + nematode  + roots  wounded 

86.66 

3Plants  were  28  days  old  at  the  time  of  inoculation. 

^All  treatments  were  replicated  3 times  with  5 plants  per  rep- 
licate. 

cPlants  inoculated  with  the  nematode  alone  showed  severe  galling 
of  the  roots. 

^Differences  from  all  other  treatments  were  statistically  sig- 
nificant at  the  1 per  cent  level. 

differences  from  the  treatment  bacterium  + nematode  were 
tistically  significant  at  the  1 per  cent  level. 


sta- 
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TABUS  4.  Comparable  effects  of  artificial  woundings  and  infec- 
tion by  the  nematode  on  the  incidence  of  Southern  bacterial  wilt  in 
tomato  seedlings3  of  the  variety  Rutgers  and  the  "MO.P"  breeding  line 


Treatment13 

Total  Per  Cent  Wilt 
Variety 

Rutgers  "MO.P" 

Uninoculated  control 

0 

0 

Sterile  potato  dextrose  broth 

0 

0 

Roots  wounded 

0 

0 

c 

Nematode 

0 

0 

Bacterium 

36. 0d 

4.0d 

Bacterium  + roots  wounded 

96.0 

52.0 

• 

Bacterium  + nematode 

88.0 

40.0 

Bacterium  + nematode  + roots  wounded 

100.0 

64.00 

aPlants  were  39  days  old  at  the  time  of  inoculation. 

^All  treatments  were  replicated  5 times  with  5 plants  per  rep- 
licate . 


cPlants  inoculated  with  nematode  alone  gave  an  average  of  132 
and  136  galls  per  gm  of  fresh  root  tissue  per  replicate  of  Rutgers  and 
"MO.P"  line  respectively. 

^Differences  from  all  other  treatments  of  the  same  host  plant 
were  statistically  significant  at  the  1 per  cent  level.  Differences 
between  comparable  treatments  of  the  two  host  plants  were  statistically 
significant  at  the  1 per  cent  level. 


\ 
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iment  (Table  4).  It  was  generally  observed  that  the  severity  of  root- 
knot  infection  was  associated  with  significant  increase  in  the  inci- 
dence of  bacterial  wilt  in  both  host  plants.  Schindler  and  Stewart 
(111)  reported  similar  observations  with  the  root-knot-Fusarium  inter- 
action on  carnation.  Although  the  inoculum  level  of  the  nematode  used 
in  these  tests  was  not  rigidly  controlled,  a decrease  in  the  nematode 
population  due  to  unfavorable  environmental  conditions  may  account  for 
failure  of  the  nematode  to  produce  significant  increase  in  the  inci- 
dence of  bacterial  wilt. 

In  cases  where  root-knot  infection  was  severe,  the  increase  in 
the  incidence  of  bacterial  wilt  produced  in  presence  of  the  nematode 
was  either  comparable  to  (Table  4)  or  significantly  higher  than  that 
produced  by  artificial  wounding  (Table  3).  The  increase  in  wilt  inci- 
dence produced  in  presence  of  the  nematode  and  wounding  was  not  signif- 
icantly different  from  that  produced  in  presence  of  the  nematode  or 
wounding  (Table  4).  In  one  experiment  using  the  "MO.?"  line,  treatment 
with  artificial  root  wounding,  the  nematode  and  the  bacterium  gave  sig- 
nificantly higher  incidence  of  bacterial  wilt  than  did  treatment  wrth 
the  bacterium  and  wounding  (Table  3). 

Differences  in  susceptibility  of  the  tomato  variety  Rutgers  and 
the  tomato  "MO.P"  line  to  the  bacterial  wilt  in  the  presence  or  absence 
of  the  nematode  were  not  statistically  significant  (Table  1).  When  age 
of  the  plants  at  the  time  of  inoculation  was  increased  from  28  to  39 
days  susceptibility  of  the  "MO.P" tomato  line  to  bacterial  wilt  was  re- 
markably decreased.  Differences  in  the  incidence  of  bacterial  wilt  be- 
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tween  the  two  host  plants  treated  with  the  bacterium  alone,  the  bacter- 
ium and  the  nematode,  the  bacterium  and  root  wounding,  or  the  combina- 
tion of  bacterium,  nematode  and  wounding  were  highly  significant  (Table 
4).  The  decreased  susceptibility  of  the  "MO.P"  line  to  the  bacterial 
wilt  is  presumably  due  to  changes  in  the  host  tissues  associated  with 
the  increased  age  of  seedlings . These  results  support  the  previous 
findings  reported  by  Winstead  and  Kelman  (135). 

Data  also  show  that  artificial  root  wounding,  infection  by  the 
nematode  or  their  combined  effects  significantly  increased  the  rate  of 
bacterial  wilt  development  in  both  host  plants  (Table  5).  In  all  cases 
artificial  root  wounding  was  more  effective  in  increasing  the  rate  of 
development  of  bacterial  wilt  than  the  nematode.  The  increased  rate 
of  bacterial  wilt  in  the  presence  of  artificial  root  wounding  was  sig- 
nificantly higher  than  that  produced  in  the  presence  of  the  nematode 
(Table  5). 

These  differences  could  be  explained  on  the  basis  that  artifi- 
cial root  wounding  is  most  likely  to  offer  an  extensive  suitable  infec- 
tion courts  for  massive  bacterial  invasion  within  relatively  short 
period  of  time  prior  to  wound  healing.  Inoculum  of  the  nematode  used 
in  the  inoculation  tests  was  introduced  as  egg  masses.  Hatching  of 
the  eggs  and  release  of  the  infective  larvae  was  presumably  gradual. 
Nematode  larvae  apparently  invaded  plant  roots  over  a prolonged  period 
of  time.  This,  in  part,  may  account  for  the  more  rapid  increase  in 
the  rate  of  bacterial  wilt  caused  by  artificial  wounding  compared  to 
that  produced  by  the  nematode.  It  is  also  possible  that  the  actions 
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TABLE  5.  Effects  of  artificial  woundings  and  infection  by  the 
nematode  on  the  rate  of  development  of  Southern  bacterial  wilt  in  toma- 
to seedlings  of  the  variety  Rutgers  and  the  "MO.P"  breeding  line 


Experiment3 

Variety  of  line 

B 

Rate  of  wilting 
Treatment^ 

B+N  B+W 

B+N+W 

1 

Rutgers 

1.81d 

3.63 

1 

"MO.P" 

1.75d 

4.16 

2 

Rutgers 

2.40e 

2.36 

5.86f 

8.00 

3 

"MO.P" 

0.95d 

4.44 

6.66® 

8.66 

4 

Rutgers 

1. 71d 

4.00 

6.85f 

7.14 

4 

"MO.P" 

0.26d 

1.66 

3. 71f 

3.55 

Experiment  number  1,  2,  3 and  4 refers  to  data  represented  in 
tables  1,  2,  3 and  4,  respectively. 

Eate  of  wilting  is  expressed  as  mean  percentage  of  daily  wilt. 
Values  obtained  by  dividing  total  percentage  of  bacterial  wilt  by  number 
of  days  starting  from  time  of  inoculation  until  maximum  expression  of 
the  wilt  in  a given  treatment  was  reached. 

cSymbols  indicate  respective  treatments: 

B = Inoculated  with  bacterium. 

B+N  = Inoculated  with  bacterium  + nematode. 

/ ' 

B+W  = Inoculated  with  bacterium  + root  wounded. 

/ 

B+N+W  = Inoculated  with  bacterium  + nematode  + roots  wounded. 

^Differences  from  the  treatments  B+N,  B+W,  and  B+N+W  were  statis- 
tically significant  at  the  1 per  cent  level. 


e„. 


Difference  from  the  treatment  B+N  was  not  statistically  signifi- 


cant. 


■Differences  from  the  treatment  B+N  were  statistically  signifi- 
cant at  the  1 per  cent  level. 


^Difference  from  th.e  treatment  B+N  was  statistically  significant 
at  the  5 per  cent  level. 
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of  the  nematode  and  artificial  woundings  on  host  tissue  are  entirely 
different  in  nature. 

Results  of  the  present  work  clearly  demonstrate  the  interaction 
of  the  nematode  and  the  bacterium.  Similar  interaction  of  the  bac- 
terium and  artificial  root  wounding  is  evident.  The  role  of  the  root- 
knot  nematode  in  predisposing  both  host  plants  to  the  bacterial  wilt 
was  not  determined.  Several  authors  (55,  112,  122)  have  advanced  the 
hypothesis  that  wounds  inflicted  by  the  nematode  during  penetration 
may  provide  suitable  infection  courts  for  massive  bacterial  invasion. 
Root-knot  larvae  penetrate  directly  through  the  root  epidermis  near 
the  root  tip  destroying  some  epidermal  cells  during  penetration  (1-0  • 
This  undoubtedly  produces  some  pathways  through  which  the  bacterium 
may  gain  ingress.  However,  exact  correlation  of  larval  penetration 
and  bacterial  invasion  of  host  tissue  is  lacking. 

Wounding  of  various  causes  are  apparently  essential  for  ingress 
by  Pseudomonas  solanacearum  (55)  . In  an  absence  of  external  injury 
there  is  evidence  suggesting  that  bacteria  enter  through  wounds  that 
arise  at  points  of  emergence  of  secondary  roots  (16).  The  bacterium 
readily  entered  roots  of  susceptible  and  wilt-resistant  tomam  varie- 
ties (135).  Wilt  susceptibility  was  positively  correlated  with  ex- 
tensive tissue  colonization  by  the  bacterium  and  establishment  of  a 
successful  parasitic  relationship  with  the  host  (16,135).  Resuits 
of  the  present  investigation  indicated  that  the  nematode  and  artifi- 
cial wounding  might  not  be  equally  effective  in  predisposing  tomato 
varieties  to  the  bacterial  wilt.  In  addition  artificial  root  wound- 
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ing  was  more  effective  in  increasing  the  rate  of  bacterial  wilt  than 
the  nematode.  This  may  suggest  that  the  mode  of  action  of  the  two 
predisposing  agents  might  be  different.  It  is,  therefore,  suggested 
that  although  wounds  inflicted  by  the  nematode  may,  in  part,  account 
for  the  increased  susceptibility  of  both  host  plants  to  the  bacter.al 
wilt,  other  factors  beside  mere  wounding  might  be  involved. 


PART  II 


WILT  SEVERITY  OF  EXCISED  SHOOTS  FROM  NEMATODE -INFECTED  AND  NEMA- 
TODE-FREE  PLANTS  TREATED  WITH  BACTERIA -FREE  CULTURE  FILTRATES 

Results  of  the  inoculation  experiments  reported  earlier  clear- 
ly demonstrated  that  infection  by  the  root-knot  nematode  significant- 
ly increased  the  incidence  of  bacterial  wilt  in  susceptible  and  wilt- 
resistant  host  plants.  Laboratory  experiments  were  conducted  to  test 
the  hypothesis  that  the  nematode  somehow  altered  the  physiology  ox 
the  host  so  that  its  susceptibility  to  the  bacterial  wilt  was  in- 
creased. 

MATERIALS  AND  METHODS 

The  isolate  60 -Re  of  Pseudomonas  solar.acearum  and  the  nema- 
tode Meloidogyr.e  incognita  acrita  were  used  throughout  this  investiga- 
tion. Maintenance  of  inccula  of  both  pathogens,  methods  of  soil  steril- 
ization, planting,  and  inoculation  with  the  nematode  were  carried  out 
in  the  same  manner  as  described  previously.  Rutgers  tomato  and  the  to- 
mato line  designated  "1961-57-55.  MO.P"  were  used  as  host  plants. 

Plants  were  individually  gfown  in  steam-sterilized  soil  in  standard 
three -inch  clay  pots.  Seedlings  were  48  days  oid  at  the  time  of  inoc- 
ulation with  the  nematode.  Plants  were  maintained  in  the  greenhouse  for 
six  to  nine  weeks  after  inoculation  with  the  nematode.  Plants  not  inoc- 
ulated with  the  nematode  were  similarly  treated. 

Five  laboratory  experiments  were  conducted  to  test  the  effects 
of  culture  filtrates  of  the  bacterium  on  the  severity  of  bacterial  wilt 
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in  shoots  from  healthy  and  nematode  infected  plants.  Unless  other- 
wise indicated,  the  methods  of  culturing  the  bacterium  and  preparation 
of  the  culture  filtrate  were  accomplished  in  the  same  manner  in  all  ex- 
periments. Two  liquid  media  ware  used  for  preparing  the  bacteria-free 
culture  filtrates.  In  experiment  1,  the  synthetic  medium  described  by 
Husain  and  Kelnan  (43)  was  used.  In  experiments  2,  3,  4 and  5 the  bac- 
terium was  grown  in  potato -dextrose  broth. 

Stock  cultures  of  the  bacterium  were  grown  on  potato  dextrose 
agar  slants  at  28-30°  C for  three  days.  The  bacterial  growth  from  each 
of  several  three-day  old  cultures  was  suspended  in  ten  ml  of  sterilized 
distilled  water.  These  ten  ml  portions  of  the  bacterial  suspension 
were  poured  into  each  of  several  500-ml  Erlenmeyer  flasks  containing 
250-ml  sterile  medium.  In  experiments  1,  2,  and  3 bacterial  liquid  cul- 
tures were  shaken  for  48  hours  at  70°  F on  a reciprocating  shaker.  In 
experiments  4 and  5 bacterial  cultures  were  shaken  at  82-85°  F.  Unin- 
fested media  were  similarly  treated. 

Bacterial  shake  cultures  were  centrifuged  at  5000  £ for  one  hour. 
The  supernatant  fluids  were  filtered  by  suction  through  clarifying  pads 
with  a pore  diameter  of  1 u.  The  clarified  supernatant  fluids  were 
sterilized  by  suction  filtration  through  Seitz  filter  pads  with  a pore 
diameter  of  0.1  u.  The  resulting  bacteria-free  culture  filtrates  were 
tested  later  for  their  effect  on  the  tomato  excised  shoots.  Uninfested 
liquid  media  were  created  in  the  same  manner. 

Unless  otherwise  specified,  all  experiments  to  determine  induc- 
tion of  bacterial  wilt  using  the  culture  filtrates  were  carried  cut  in 
the  following  manner.  Nematode-infected  and  healthy  seedlings  of  each 
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host  plant  were  carefully  removed  from  the  potting  soil.  Plant  roots 
were  thoroughly  washed  with  tap  water.  The  basal  portion  of  the  stems 
were  severed  and  cuttings  were  placed  for  two  to  three  hours  in  con- 
tainers filled  with  tap  water.  Only  excised  shoots  with  apparent  full 
turgidity  were  used  in  the  experiments  with  the  culture  filtrates. 

Fifteen-ml  portions  of  the  sterile  culture  filtrate  were  poured 
into  20-ml  sterilized  test  tubes.  Sterilized  distilled  water  and 
sterile  media  served  as  controls.  Stem  cuttings  were  dipped  in  95  per 
cent  ethanol  for  one  minute  and  rinsed  in  sterilized  distilled  water 
to  remove  the  alcohol.  The  basal  portion  of  each  stem  cutting  was 
severed  under  sterilized  distilled  water  and  then  immersed  individually 
in  the  test  solutions.  In  experiments  1,  2 and  3 uniform  cuttings  with 
five  to  seven  well-expanded  leaves  were  used.  Cuttings  in  the  test  so- 
lutions were  held  at  70°  F.  In  experiment  4 and  5 individ  Hell  cut  Lings 
of  stems  bearing  five  leaves  were  placed  in  the  test  solutions  and  held 
at  76-82°  F. 

All  laboratory  experiments  were  designed  as  randomized  blocks. 
Stem  cuttings  from  healthy  and  nematode  infected  seedlings  of  both  host 
plants  were  treated  as  follows:.  1)  with  sterilized  distilled  water, 

2)  with  sterile  culture  medium,  3)  with  sterile  culture  filtrates. 
Treatments  were  replicated  five  to  six  times  with  one  cutting  per  rep- 
licate. Stem  cuttings  were  examined  for  symptoms  of  wilting  for  ten 
hours  at  2.5  hour  intervals. 

Wilt  indices  were  obtained  by  using  an  arbitrary  scale  for 
measuring  the  severity  and  rate  of  wilt  development  in  each  cutting. 
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Higher  numerical  values  were  assigned  to  wilting  that  developed  earlier. 
In  experiments  1 and  2 wilt  severity  was  rated  as  follows:  0,  no  wilt- 

ing; 1,  partial  wilting;  2,  complete  wilting.  Partial  wilting  that  oc- 
curred 2.5,  5.0,  7.5,  and  10  hours  after  treatment  with  the  test  solu- 
tions was  assigned  the  following  values:  5,  4,  3 and  2 respectively. 

Complete  wilting  that  occurred  at  the  above  indicated  time  intervals 
was  assigned  the  following  values:  10,  8,  6 and  4 respectively.  In 

experiments  3,  4,  and  5 wilt  severity  was  rated  as  follows:  0,  no  wilt- 

ing; 1,  one  leaf  wilting;  2,  two  leaves  wilting;  3,  three  leaves  wilt- 
ing; 4,  four  leaves  wilting;  5,'  five  leaves  wilting.  Wilting  that  de- 
veloped 2.5,  5,  7.5,  and  10  hours  after  treatment  with  the  test  solu- 
tions were  assigned  the  numerical  values  10,  9,  8,  and  7 respectively. 
Thus,  in  all  experiments  higher  wilt  indices  were  obtained  when  complete 
wilting  of  cuttings  occurred  rapidly.  Differences  between  treatments 
were  measured  statistically  by  the  Chi  square  factorial  analysis. 

After  wilt  ratings  were  obtained,  cuttings  were  held  in  the  test 
solutions  for  periods  up  to  48  hours.  At  the  end  of  each  experiment, 
the  basal  portion  of  each  cutting  was  severed  and  then  cuttings  were 
transferred  to  sterilized  distilled  water  so  that  possible  recovery  of 


turgor  could  be  noted. 


RESULTS  AND  DISCUSSION 


A preliminary  experiment  to  test  the  effects  of  infection  by  the 
nematode  on  incidence  of  the  bacterial  wilt  using  bacter ia-free  cul- 
ture filtrate  was  conducted.  Three-month  old  healthy  and  nematode-in- 
fected intact  seedlings  of  Rutgers  tomato  were  treated  with  the  cul- 
ture filtrate  for  15  hours.  The  results  disclosed  that  incidence  of 
wilt  in  the  nematode -infected  plants  were  four  times  higher  than  that 
in  the  healthy  plants.  This  suggested  that  the  nematode  altered  the 
physiology  of  the  plant,  thus  predisposing  it  to  the  bacterial  wilt. 
Further  experiments  were  carried  out  to  obtain  more  evidences  support- 
ing this  hypothesis.  In  order  to  rule  out  the  possibility  that  root 
wounding  inflicted  by  the  nematode  might  account  for  the  observed  in- 
crease in  wilt  incidence,  excised  shoots  from  healthy  and  nematode- 
infected  plants  were  used. 

Results  of  five  laboratory  experiments  are  summarized  in  Table 
6.  The  excised  shoots  began  to  exhibit  symptoms  of  wilting  within 
five  hours  after  treatment  with  sterile  culture  filtrates  of  the  bac- 
terium. The  results  showed  that  shoots  from  nematode-infected  seed- 
lings of  each  host  plant  developed  more  rapid  and  more  severe  wilting 
than  did  shoots  from  plants  free  of  the  nematode.  Wilting  of  shoots 
treated  with  the  culture  filtrates  is  apparently  due  to  toxic  metabo- 
lite^) of  the  bacterium  produced  in  the  culture  media. 

Twelve  hours  following  treatment  with  the  test  solutions,  occa- 
sional wilting  of  shoots  placed  in  the  sterile  madia  began  to  appear. 
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TABLE  6.  Wilt  indices  of  shoots  from  nematode-infected  and 
shoots  from  healthy  tomato  plants  of  the  variety  Rutgers  and  the  bac- 
terial wilt-resistant  "MO.P"  line  ten  hours  after  treatment  with 
sterile  culture  filtrates  of  Pseudomonas  solanacearum- 


Experiment3 

Variety 

Wilt  indexb 

Wilt  index  ratio 
healthy/nema tode- 
infected 

Experiment  1. 

Healthy 

Rutgers 

3.20 

Nema  t ode - inf ec  te  d 

Rutgers 

6.25 

0.51 

Experiment  2. 

Healthy 

Rutgers 

2.16° 

Nema to  de - inf ec  te  d 

Rutgers 

2.50 

0.86  . 

Experiment  3. 

Healthy 

Rutgers 

5.8C 

Nematode-infected 

Rutgers 

15.4 

0.38 

Experiment  4. 

Healthy 

Rutgers 

2.00c 

Nemato de - in f ec  te  d 

Rutgers 

7.60 

0.26 

Healthy 

"MO.P" 

10.20c 

Nematode -inf  ec  te  d 

"MO.P" 

17.60 

0.58 

Experiment  5. 

Healthy 

Rutgers 

3.60c 

Nematode -infected 

Rutgers 

14.80 

0.24 

Healthy 

"MO.P" 

2.00C 

Nema  tode-infected 

"MO.P" 

5.60 

0.36 

^reatments  in  experiments  1,  4 and  5 were  replicated  five  times, 
and  those  in  experiment  2 and  3 were  replicated  six  times. 


^Products  of  calculations  based  on  arbitrary  numerical  values 
assigned  to  measure  severity  and  rate  of  wilt  development. 


cWithin  a variety;  differences  from  wilt  indices  of  shoots  from 
nematode -infected  plants  were  statistically  significant  at  the  1 per 
cent  level. 

^Differences  between  wilt  indices  of  shoots  from  nematode -infec- 
ted and  healthy  plants  were  not  statistically  significant. 
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The  sterile  media  became  turbid  and  turned  whitish  in  color.  Micro- 
scopic examination  revealed  that  the  sterile  media  were  contaminated 
with  a saprophytic  bacterium.  There  was  no  apparent  contamination  of 
the  culture  filtrate.  When  these  wilted  shoots  were  transferred  to 
sterilized  distilled  water  they  recovered  completely. 

In  contrast,  wilted  shoots  treated  with  the  culture  filtrate 
either  did  not  recover  or  reached  only  partial  recovery. 

Data  presented  in  Table  6 demonstrate  that,  with  one  exception 
(experiment  2),  treatment  with  the  culture  filtrates  resulted  in  sig- 
nificantly higher  wilt  indices  of  shoots  from  nematode-infected  seedlings 
of  either  host  plant  than  those  of  shoots  from  healthy  seedlings.  In 
experiment  2 it  was  observed  that  nematode  infected  plants  showed  only 
slight  galling  of  the  roots  compared  to  the  severe  galling  of  the  roots 
obtained  with  other  comparable  experiments.  It  is  therefore  suggested 
that  a decrease  in  population  of  the  nematode,  due  to  unfavorable  en- 
vironmental conditions,  might  in  part  account  for  the  inability  to  re- 
produce these  results. 

A preliminary  experiment  was  conducted  in  an  attempt  to  obtain 
evidence  supporting  this  explanation.  Three-month  old  seedlings  of  Rut- 
gers tomato  infected  by  the  root-knot  nematode  were  used.  Severity  of 
root-knot  infection  was  rated  on  the  basis  of  visual  observation  of  the 
amount  of  root  galling.  Uniform  shoots  from  heavily  galled  and  slightly 
galled  plants  were  treated  with  culture  filtrates  of  the  bacterium  for 
twelve  hours.  Shoots  from  healthy  seedlings  were  similarly  treated  and 
served  as  controls.  All  treatments  were  replicated  four  times  with  one 
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shoot  per  replicate.  Wilt  severity  of  the  shoots  were  rated  on  an  ar- 
bitrary scale  as  follows:  0,  no  wilting;  1,  partial  wilting;  2,  com- 

plete wilting.  Wilt  indices  were  calculated  as  mean  average  of  four 
replicates.  The  results  showed  that  wilt  indices  of  shoots  from  heavi- 
ly galled  plants  were  significantly  higher  than  those  of  shoots  from 
slightly  galled  plants.  There  were  no  significant  differences  between 
wilt  indices  of  shoots  from  healthy  plants  and  those  from  slightly 
galled  plants.  These  results  indicate  that  an  increase  in  severity  of 
root-knot  infection  intensifies  changes  in  the  host  tissue  that  are  pre- 
sumably responsible  for  the  increased  wilt  severity,  and  provide  the 
most  likely  explanation  for  the  anomalous  results  obtained  in  experi- 
ment 2. 

Treatment  with  the  culture  filtrates  gave  significantly  higher 
wilt  indices  of  shoots  from  nematode-infected  plants  of  the  "MO.P"  line 
than  those  of  shoots  from  nematode -infected  plants  of  the  variety  Rut- 
gers. Similarly,  wilt  indices  of  shoots  from  healthy  plants  of  the 
"MO.P"  line  were  significantly  higher  than  those  of  shoots  from  healthy 
plants  of  the  variety  Rutgers  obtained  in  experiment  4 (Table  6). 

Results  of  inoculation  experiments  (Table  4)  demonstrated  that  at  the 
age  of  39  days,  plants  of  the  "MO.P"  tomato  line  showed  significantly 
higher  resistance  to  bacterial  wilt  than  did  the  variety  Rutgers.  This 
significant  differences  in  wilt  susceptibility  occurred  even  when 
plant  roots  of  both  host  plants  were  artificially  wounded  which  sug- 
gests that  resistance  of  the  "MO.P"  line  is  presumably  plasmatic  in 
nature.  This  is  supported  by  the  findings  that  bacteria  readily  en- 
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tered  roots  of  both  susceptible  and  wilt-resistant  tomato  varieties 
(135).  It  seems  probable  that  resistance  of  the  l!MO.P"  line  to  bac- 
terial wilt  is  more  related  to  inability  of  the  pathogen  to  maintain 
rapid  multiplication  and  to  establish  a successful  parasitic  relation 
with  its  host,  than  to  detoxification  of  the  toxic  metabolites  of  the 
bacterium  by  the  host.  This  is  supported  by  the  results  that  excised 
shoots  from  nematode -infected  plants  and  shoots  from  healthy  plants 
of  the  wilt  resistant  "MO.P"  line  were  highly  susceptible  to  toxic 
metabolites  of  the  bacterium  produced  in  culture. 

Results  of  these  investigations  strongly  demonstrate  that  infec 
tion  by  the  root-knot  nematode  predisposed  excised  shoots  of  suscepti- 
ble and  moderately -wilt  resistant  host  plants  to  toxic  metabolite(s) 
of  the  bacterium.  This  is  the  first  direct  evidence  supporting  the  hy 
pothesis  that  the  nematode  somehow  alters  the  metabolism  of  the  host 
so  that  its  susceptibility  to  the  bacterial  wilt  is  increased.  The 
physiological  nature  of  such  changes  in  host  metabolism  was  not  de- 
termined. Damage  to  plants  by  the  root -knot  nematode  may  result  in 
mechanical  injury  during  larval  penetration,  nutritional  depletion  re- 
sulting from  withdrawal  of  cell  contents,  and  biochemical  injury  due 
to  the  enzymatic  action  of  the  esophageal  secretion  (21).  Plant-nema- 
tode biochemical  interactions  are  considered  to  be  primarily  responsi- 
ble for  p^ant  injury;  thus  mechanical  damage  is  generally  insignifi- 
cant (57). 

There  are  several  possible  mechanisms  by  which  the  root-knot  ne 
matode  may  alter  the  physiology  of  the  host  so  that  predisposition  to 
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the  bacterial  wilt  occurs.  It  has  been  postulated  that  the  nematode 
directly  stimulates  bacterial  growth  by  either  providing  a suitable 
metabolite  or  by  modifying  the  host  tissue  to  a better  substrate  for  the 
development  of  the  bacterium  and  its  pathogenic  activities.  Enzyme 
production  by  the  nemacode  and  the  biochemical  effects  of  these  enzymes 
on  the  physiology  of  the  host  have  been  investigated  (13,  14,  84,  93). 
Histochemical  studies  showed  that  the  hyperplastic  regions  and  giant 
cells  in  galls  of  tomato  roots  infected  by  Meloidogyne  incognita  acrita 
are  the  sites  of  increased  metabolic  activities  (13,  93).  Cytoplasm  of 
giant  cells  contained  ten  times  as  much  protein  as  norma j.  cells  (13). 
Owens  and  Novotny  (93)  found  that  protein,  nucleic  acids,  phosphorus 
and  nitrogen  increased  four  times  in  the  nematode-galled  tissue.  Zinc, 
magnesium,  iron,  manganese,  sodium,  copper  and  sulfur  also  increased. 

It  seems  logical  to  assume  that  these  metabolic  changes  may  have  some 
bearings  on  the  nature  of  the  nematode -bacteria  interaction.  Powell 
(9S)  reported  that  hyperplastic  and  hypertrophic  tissues  of  tobacco 
roots  infected  by  M.  incognita  acrita  were  extensively  colonized  by 
the  fungus  Phytophthora  parasitica  var.  nicotianae.  Similar  results 
were  obtained  by  Minton  and  Minton  (76)  with  the  nematode  and  Fusarium 
oxysporun  f.  vasin fee turn  in  cotton. 

Another  possible  mechanism  is  that  the  nematode  may,  in  some  man- 
ner, prenispose  the  host  to  bacterial  wilt  by  interfering  with  the  plant 
nutrition.  A decrease  in  levels  of  potassium  nutrition  was  positively 
correlated  with  a significant  increase  in  severity  of  the  bacterial  wilt 
of  tomato  (30,  31,  32,  49).  Similar  correlation  was  also  obtained  with 
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Fusarium  wilt  of  tomato  (131).  Oteifa  (92)  reported  that  severity  of 
infection  by  Meloidogyne  incognita  was  positively  correlated  with  a 
depletion  of  potassium  contents  in  lima  beans. 

It  has  been  suggested  that  nematode-infected  plants  used  in  the 
experiments  described  here  might  have  been  under  such  conditions  of 
moisture  stress  that  their  excised  shoots  were  more  likely  to  absorb 
greater  amounts  of  the  toxic  metabolite(s)  of  the  bacterium  than  heal- 
thy shoots.  This  might  account  for  the  observed  increase  in  wilt  se- 
verity of  shoots  from  nematode-infected  plants.  It  is  true  that  occa- 
sional wilting  of  nematode -infected  plants  occurred,  particularly  at 
later  stages  of  nematode  infection.  It  has  been  pointed  out,  however, 
that  all  the  excised  shoots  were  placed  in  tap  water  for  two  to  three 
hours  prior  to  being  tested.  This  allowed  any  partially  wilted  shoots 
to  recover  full  turgidity  prior  to  treatment  with  the  culture  filtrates. 
Thus,  it  is  unlikely  that  shoots  from  nematode-inf ecteu  plants  were  un- 
der any  greater  water  stress  than  were  shoots  from  healthy  plants. 

Results  of  this  research  offer  only  the  first  step  toward  under- 
scanding  the  nature  of  the  interaction  between  the  nematode  and  the  bac- 
terium. From  the  evidence  presented,  it  seems  that  biochemical  aspects 
of  the  plant -nematode  relationship  undoubtedly  influence  and  probably 
govern  its  interrelationship  with  the  bacterium.  The  nematode -bacterial 
interaction  represent  one  of  many  existing  complexes  among  soil-borne 
plant  pathogens.  Steiner  (121)  has  emphasized  that  nematodes  in  rela- 
tion to  plants  should  be  considered  as  members  of  dynamically  inter- 
acting biotic  entities.  Future  research  work  should  be  directed  towards 
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studying  the  aspects  of  the  early  phases  of  the  interaction  of  the  nema 
toce  and  the  bacterium.  Careful  h is topatho logical  studies  to  corre- 
late bacterial  invasion  with  nematode  penetration  will  conclusively  ver 
ify  the  role  of  wounding  made  by  the  nematode  in  increasing  severity  of 
the  bacterial  wilt.  In  conclusion,  much  research  work  is  needed  for 
elucidating  the  exact  role  of  the  root-knot  nematode  in  predisposing 


the  host  to  the  bacterial  wilt. 


SUMMARY 


Inoculation  experiments  were  conducted  in  the  greenhouse  to  test 
the  interaction  of  Meloidogyne  incognita  acrita  and  Pseudomonas  solana- 
cearum  in  the  wilt-susceptible  tomato  variety  Rutgers  and  the  wilt-re- 
sistant tomato  breeding  line  designated  as  "1961-57-55  MO.P".  Experi- 
ments also  included  a study  of  the  comparable  effects  of  the  root-knot 
nematode  and  artificial  root  wounding  on  the  incidence  and  rate  of  devel- 
opment of  the  bacterial  wilt  in  both  tomato  host  plants. 

Inoculation  of  tomato  seedlings  with  the  bacterium  was  done  im- 
mediately after  addition  of  the  nematode.  Plant  roots  were  artificial- 
ly wounded  prior  to  inoculation  with  the  bacterium. 

Root  wounding,  infection  by  the  nematode  or  their  combined  ef- 
fects significantly  increased  the  incidence  and  rate  of  development  of 
the  bacterial  wilt  in  both  host  plants.  The  increased  rate  of  bacterial 
wilt  development  produced  in  the  presence  of  root  wounding  was  signifi- 
cantly higher  than  that  produced  in  the  presence  of  the  nematode.  Root 
wounding  presumably  offered  suitable  infection  courts  for  massive  bac- 
terial invasion  within  relatively  short  periods  of  time  prior  to  wound 
healing.  Since  the  inoculum  of  the  nematode  was  introduced  as  egg 
masses,  hatching  of  the  eggs  and  release  of  the  infective  larvae  appar- 
ently occurred  gradually.  Thus,  wounds  inflicted  by  the  nematode  during 
larval  penetration  were  likely  to  occur  over  prolonged  periods  of  time. 
This,  in  part,  may  account  for  the  more  rapid  increase  in  the  rate  of 
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bacterial  wilt  development  caused  by  root  wounding  compared  to  that 
produced  by  the  nematode. 

At  the  age  of  39  days,  plants  of  the  "MO.?"  tomato  line 
showed  significantly  higher  resistance  to  bacterial  wilt  than  did  plants 
of  the  variety  Rutgers.  This  significant  difference  in  wilt  suscepti- 
bility occurred  even  when  roots  of  both  host  plants  were  similarly  woun- 
ded. Since  it  has  been  reported  that  the  bacterium  readily  entered  roots 
of  susceptible  and  wilt-resistant  tomato  varieties,  it  is  suggested  that 
the  resistance  or  the  "MO.?"  line  is  presumably  plasmatic  in  nature. 

Laboratory  experiments  were  conducted  to  test  the  hypothesis 
that  although  wounds  inflicted  oy  the  nematode  might  be  a contributing 
factor  in  predisposing  tomato  varieties  to  bacterial  wilt,  nematode  in- 
fection somehow  alters  the  physiology  of  the  host  so  that  its  suscep- 
tibility to  bacrerial  wilt  is  increased.  Excised  shoots  from  nematode- 
infected  and  nematode  free  plants  of  the  wilt-susceptible  tomato  varie- 
ty autgers  and  the  wilt  resistant  "MO.?"  tomato  line  were  treated  with 
sterile  culture  filtrate  of  Pseudomonas  solanaceurum. 

Treatment  with  the  culture  filtrate  resulted  in  significant- 
ly higher  wilt  indices  of  shocts  from  nematode  infected  plants  than 
those  of  shoots  from  healthy  plants  of  both  tomato  varieties . This 
is  the  first  direct  evidence  supporting  the  hypothesis  above  stated. 

It  is  therefore  concluded  that  a change  in  the  metabolism  of  the  host 
in  response  to  the  nematode  infection  is  responsible  for  predispos- 
ing susceptible  and  wilt-resistant  tomato  varieties  to  the  toxic  me- 
tabolite (s)  of  the  bacterium.  The  physiological  nature  of  such  me- 
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tabolic  changes  was  not  determined.  It  is  suggested,  however,  that  the 
nematode  directly  stimulates  bacterial  growth  by  either  providing  a 
useful  metabolite  or  by  modifying  host  tissues  to  a suitable  substrate 
for  parasitic  establishment  of  the  bacterium  and  expression  of  its 
pathogenic  effects. 
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